Purpose -This paper aims to present a project in Australia, where participants use smartphones to measure the level of traffic noise in their homes. Through the data collected, participants learn if they are subjected to sleep disturbances and, if so, understand how they can manage the issue to protect their health. The project also has a secondary purpose: the local council would like to engage its community through the exercise and be seen as acting on the community's problems. Design/methodology/approach -The approach taken was the development of a mobile app call 2Loud? that turns the smartphones of participants into noise sensors with accuracies comparable to professional sound-meters. The data collected are analyzed by environment and acoustic experts, and personalized feedback, in the form of mitigation strategies, is then provided. The strategies are delivered through the app to allow participants to share within the community and hence, propagate the solution to nonparticipants. Findings -Participants who are technologically literate find a sense of empowerment as a result. They confirmed the importance of "closing the loop" with the feedback they received after their voluntary data collection effort. They also reported some sense of satisfaction with the technology as an interim solution and noted the council's creative approach. Originality/value -This project first showcases how a participatory setup could be extended to create a "closed-loop" feedback system that further empowers its users. It is also a case example of how an organization could engage and manage its stakeholders' expectations through innovative use of participatory sensing systems.
1.

Introduction
With a large proportion of the world's population living in metropolitan areas, noise pollution is increasing becoming a common facet of urban living. While most individuals are inherently aware of noise pollution sources such as from rails, construction, traffic, etc., not many are aware (or understand) that excessive levels of noise can have a detrimental impact on one's sleep at night. According to WHO (Regional Office for Europe, 2010) and Leao et al. (2012) , constant exposure of night environmental noise above 42 db(A) actually disturbs a person's sleep and, consequently, can lead to health conditions such as hypertension, arteriosclerosis and myocardial infarction. As major cities in the world continue to expand with more roads and a bigger population, the impact of metropolitan noise on individual health is a concern. In Australia, for example, the public health of each state has policies regarding noise thresholds for day times. When those thresholds are breached significantly, an authority is expected to intervene. Typically, the interventions to mitigate traffic noise could be in the form of erecting noise barriers, implementing traffic flow control or developing policies governing heavy transport vehicles. However, there are two problems here. First, the daytime noise level has limited impact, as most residents would normally be away from their home, at work or going about with their daily routine, i.e. the majority are away from the exposure. Second, the daytime thresholds are significantly high. In Victoria, an established suburb must be exposed to above 68 db(A) during the data before intervention are considered. At such, high thresholds, the chances of the public receiving intervention is low and, consequently, no mitigation strategy is in place to protect residents from night-time noise exposure above 42 db(A). This significant gap between the mitigation threshold and the WHO's recommended level of noise for adequate rest also means little data have been collected to understand noise levels affecting the well-being of residents. Given that the noise level at night is what really affects ones' health condition, mitigation should ideally occur as soon as excessive traffic noise complaints are received. Unfortunately, this is often not the case because:
• there is a lack of a night noise threshold, and, if available, the night threshold would have to be considerably lower, i.e. near WHO's recommended 42 db(A) rather than 68 db(A); and • intervention is always assumed to be government initiated, but political interests and access to public funds would often take priority over any set threshold.
The project reported in this paper arose out of a research partnership with the City of Boroondara in Victoria, Australia. The City of Boroondara is a city council that manages 10 Victoria suburbs. As affluent suburbs, it has access to an excellent transport network including two freeways bordering the north and south regions. About 800 households within the City of Boroondara are bordered by these two major freeways of the state. For a long time, residents have been complaining of the ever-increasing traffic noise. They have staged protests and formed interests groups to push for government intervention. Despite scientific evidence (WHO Regional Office for Europe, 2010) and council investigation (Leao et al., 2012) backing residents, the inaction from the state government continues. With intervention unlikely in the near future, a different approach was taken and reported in this paper.
Instead of canvassing the state government for the usual top-down solution, the 2Loud? project was started to drive a bottom-up, community-driven solution. The project draws inspiration from participatory sensing research (Lane et al., 2010) . By definition, participatory sensing is a way to collect and interpret data through an individual acting alone (or in a group) using their personal devices -usually, a mobile smartphone.
In the 2Loud? project, participatory sensing was enabled by equipping residents with an app so that they can use their smartphones to collect traffic noise data. These data need to be scientifically accurate so that:
• the council is adequately informed when discussing matters with road authorities; and • residents can learn about their night noise situation within their homes.
Through participatory sensing, residents will learn about their noise situation and that creates a sense of empowerment among them. We then take this further by helping participants understand what they can immediately do to mitigate their situation. We call this participatory education. By using participatory sensing, we first connect dispersed individuals who are curious or affected by traffic noise near their homes. Through participatory education, stakeholders are given a sense of immediate impact. For the residents affected by traffic noise, they are shown strategies that they can action themselves. For the council, not only can they efficiently and effectively collect large amount of objective data required to negotiate actions with the authorities, they also confirm to the public that the council is addressing the community's problems. The focus of this paper is not the technical details of such a system. Rather, this paper presents a case study about how participatory sensing could be implemented to address a real-world problem and to share what worked and what does not. For the readers who are interested in the technical details, our app, technical report and supplementary material on our Web site (www.2loud.net.au) cover them. As for those who are interested in the technical implementation of a noise measurement app, our implementation is very similar to D'Hondt et al.'s, 2013 approach. The rest of this case study is organized as follows. In the next section, we will present a project overview, outlining the research design and methodology that guides the implementation of a participatory sensing solution to the council's problems. In Section 3, we present the features of our participatory sensing implementation. Then, in Section 4, we present the "participatory education" element, a collection of personalized mitigation strategies to participants. In Section 5, the results are discussed before we reflect on the lessons learned in the implementation of this project in Section 6. Finally, we conclude our work in Section 7.
Project overview
The project draws inspiration from the participatory sensing framework proposed by Goldman et al. (2009) , which includes coordination, capture, transfer, storage, access, analysis, feedback and visualization but with adaptations to our project's scope, development of the participatory sensing system, validation, Geographical Information System (GIS) mapping and, of course, an elaborate feedback system.
Research design
The various stages of Goldman et al.'s 2009 framework and our adaptation for our project is presented below. 2.1.1 Planning the scope. The development of a project scope is the first of the two stages in the planning phase. It includes the project purpose, boundaries and coverage. As noted by Santini et al. (2009) , the context in which measurements take place is important in participatory sensing, i.e. no measurements should be random, and a measurement should have a clear intention. This is because the context provide for the subsequent data integration of the different data contributions. In the case of noise measurements, such data integration will entail specifics such as date, time, identifiable owner of the data and other conditions of a noise measurement, e.g. location of measurement. The context for the 2Loud? project was further framed by a discussion of the project objectives and constraints among the research team and members of the council. For example, we made a conscious effort to explain to stakeholders that measuring traffic noise is a complex issue with many factors (Figure 1 ) that cannot be controlled by the project team and, consequently, no single solution can be completely effective.
Planning the coordination.
This step involves recruiting and communicating with participants to explain the sensing effort and provide necessary guidance. The recruitment and communication strategy involved an invitation mail to all addresses within the study area (approximately 800 potential participants), a Web site dedicated to the project (www.2loud.net.au), regular papers published in the online council Bulletin, links to social media, updates in the weekly newsletter distributed to all households in council and Internet and phone support to new users.
Development.
This refers to the development of the participatory sensing system, which, in our case, is the 2Loud? mobile app and the cloud services hosted on Microsoft Azure.
Test and use (Capture).
This step refers to the acquisition of noise data via the smartphone running the 2Loud? app. By design, the participant needs to manually start and finish the monitoring process, and a number of tests were done over the planned period (from 10 p.m. to 7 a.m.), inside the participant's residence and in a quiet room facing the source of highway noise.
Testing and use (Transfer and Storage).
In this step, the data captured using the mobile phone are transferred to a server through existing wireless networks. In the current implementation, the 2Loud? app emits 10 readings per second, and for each minute, the application will upload the readings to a server. In the pilot run, 20 server instances were set up on Microsoft Azure (www.windowsazure.com) to handle up to 800 separate measurement streams. The application is assigned to 1 of the 20 Azure instances automatically when the user runs the application for the first time. By spreading the upload across 20 Azure instances, we avoid a single point of failure during the continuous operation overnight from 10 p.m. to 7 a.m. -the period of study. Once data capture completes, the data are then downloaded for analysis. Next, privacy and security of personal data from the participatory sensing process is considered. As noted by Lane et al., 2010 and Kanjo, 2010 , this step is important, as confidence in a participatory system is only possible when the participants know that their contributions will not be compromised in anyway. The project's data policy is regulated and approved by the Research Ethics Committee (STEC-6-2013-LEAO) where researchers are located. All data provided by participants are de-identified and kept safe and confidential. Only aggregated data, which protects privacy, are presented publicly in the form of noise maps, tables or graphs.
Testing and use (Analysis).
This step includes some data processing methods to convert a large amount of instantaneous noise readings produced by the community from different sources, dates and times into more meaningful indicators of noise exposure. Acoustic signals usually exhibit quick and wide fluctuations, and for this reason, noise levels are generally computed as long-term averages. In this project, the instantaneous readings over each hour are converted into a single Longterm A-weighted equivalent (LAeq) (1 hour) representation. This is done for the entire duration of monitoring and for each user. Also, aggregation of data (average and standard deviation) is performed for different readings from the same user first, and from different users within the same cells (see Section 2.2), afterwards.
The LAeq is a widely used noise parameter describing a sound level that has the same energy content as the varying acoustic signal measured. It is a measure that acoustic engineers can easily work with (see Section 3.2, Computation of LAeq periods for any given specific time). It is also the standardized measure used by Victoria's road authority and by Australia's EPA. Because the LAeq is similar only in terms of the energy content, two additional measures were suggested by Australia's agencies: LA90 and LA10. The LA90 or L90 db(A) represents the noise level that is exceeded for 90 per cent of the time under consideration. LA90 thus gives an idea of the background noise but not the extreme noise instances. The extreme noise over the same period is given by LA10, and, in countries like the UK, it is seen as the best measure of traffic noise and thus, a good measure of impact on sleep disturbances. While the 2Loud? app captures both LA90 and LA10, they are not used, as the local agencies do not provide the historical data for comparison purposes.
Testing and use (GIS).
The 2Loud? project uses the ArcMap GIS as its platform for integrating all the noise measurements and other information for analysis. For example, a number of spatial analyses can be performed in the GIS, such as different levels of exposure to traffic noise due to horizontal and vertical distance from highways and effect of different structure and materials of dwellings. This can be used to investigate patterns in space and time and explore a combination of actions toward the attenuation of noise levels. The insights obtained are then used in a number of ways, including feedback to participants and findings reported to the council.
Validation.
Inaccuracy has been frequently mentioned in the literature as a significant barrier to the full adoption of community participatory processes, e.g. Gouveia and Fonseca (2008) , Kanjo (2010) , Rana et al. (2010) , Santini et al. (2009) , Conrad and Hilchey (2011) and D'Hondt et al. (2013) . In this project, the accuracy of measurements taken from a mobile phone has to be reliable and comparable to that of professional sound meters. Besides laboratory calibration, the app was validated in the field with 20 early participants at their physical sites. The validation was completed over a 24-hour period across sites of different settings to ensure that the app was calibrated to work in various site environments.
Feedback.
Different feedbacks are provided to different stakeholders, and so are feedbacks sought from participants about the project. Feedbacks are collectively delivered through a number of features that we collectively call "participatory education" (see Section 4), and any feedbacks received from the participants about the project are rationalized and reflected in Section 6.
Methodology
The scope of the project was to address the noise situation of two freeways bordering the north and south corridors of some of the council's 10 suburbs as shown in Figure 2 (a). In these two corridors - Figure 2 (b), there are about 1,000 residents who are within 100 meters of the freeway and therefore, most affected by the traffic noise. At a distance of 250 meters from the freeway, the number of residents quickly swells to an additional 7,000, some who also reported traffic noise disturbance. Looking at the dwellings, each dwelling has about three residents based on census data obtained in 2011 and dwelling distances to the freeway varies as shown in Figure 3 . With resident complains coming from different dwelling distances, we decided to focus on hotspots where noise issues are anecdotally more severe. Most of these hotspots lie within the mean distance of each freeway with one standard deviation. The dwellings that fall within these distances were invited to participate in the project giving us a To protect the privacy of data collected from any participating dwelling, we organized them into cells, as shown in Figure 4 , so none of the readings could be identified with a particular household. This de-identification is crucial in two ways. First, aggregated data are to be shared back to the community and therefore, ensuring the privacy of contributors is important to reinforce trust within the participatory system. Second, the average noise measurements taken within each cell can be compared against the individual private noise measurements of each participant, thus giving them insight into the noise insulation quality of their dwelling. This difference is only known to the individual participant and the experts, who would then look at their reported dwelling structure to subsequently provide personalized recommendations.
During the measurement phase, participants receive updates from the system in two ways:
(1) the average cell noise measurement reading plotted on Google Maps as delivered in their app; and (2) personalized feedback from experts about mitigation strategies.
They also received support from the project team via the Web site, e-mail, phone and "on the ground" support. After the measurement phase, a report is prepared for the council about the noise situation across its two freeway corridors. In the report, noise measurements taken from participants are layered with professional noise measurements and historical measurements provided by VicRoads -local road authorities of the state. A final presentation of the results to the participants then closes the project.
Participatory sensing
Public participation has always been an important aspect of ensuring sustainable development of cities (Banisar et al. , 2012) . With advances in technology, urbanization and increased awareness of democratic rights, participatory sensing has seen significant growth (Conrad and Hilchey, 2011) to become a preferred means of collating public participation data to reveal insights and patterns across a large spatial region (Goldman et al., 2009) . In this section, we present the key details of our participatory sensing system.
3.1
Community engagement and preparation For participatory sensing to succeed, engaging the community so as to prepare them for the data collection is important. According to (Conrad and Hilchey, 2011) , participatory sensing often fails not on the technology but in the lack of volunteer interest, networking opportunities, access to the information and, subsequently, in finding out that their data have not being used in the decision-making process. . Multiple adjacent dwellings are grouped together to form a cell. Each dwelling sits on a parcel of land, and some would be participating in the 2Loud? project's measurements. Some cells have dwellings sitting on parcels that had independent measurements previously taken (CoB or VicRoads),or new noise measurements taken by our research team (reference site)
Contextualizing these requirements in our project, our first task is to assess if a participatory sensing model of using their personal smartphone would work to address the project brief. To do this, the research team worked closely with the council's Community and Engagement Department and the council's Infrastructure Department to understand key concerns of stakeholders in the project. These concerns are subsequently translated into the community engagement tasks that include:
• how participants are recruited; • what specific tasks to address among participants to scope priorities for the project; • the participants' technology choice and delivery mechanisms; and • how the participants will get involved in the project's execution.
More than 800 participants were then subsequently identified as qualifying for the project, and the council contacted them for expression of interests in May 2013. At the same time, the project team developed a Web site for participants to learn more about the project, including information on the technology used in the project and how participants can get involved. In addition to targeting specific members of the community, a broad publicity of the project was also done by the council via online bulletins, social media and media releases from May through July 2013.
Participants who wanted to join the project would then register on the Web site, where they had to first complete an electronic survey to help the team gather information about the participant's understanding of noise situation, their current state of well-being, their participatory objective (and expectations) and, most importantly, the information about their dwellings which was then subsequently used to provide the personalized feedback mitigation strategies following a series of noise measurement from the participant. When the project was in full operation over the study period (August to September 2013), the research team would work with the council members to provide assistance via e-mail and phone to answer question relating to the participation of the project, the use of the mobile app as a noise measuring device, how to answer aspects of the survey and how to use the app properly.
In addition to the e-mail and phone support, the participatory education aspects of the app ensures that participants feel that their data collection effort is actually used, and this was done by providing personalized mitigation strategies as a feedback and by publishing weekly updated noise maps on their smartphones; both these strategies are discussed in Sections 4.1 and 4.2.
At the end of the project, the final technical report produced for the council was published on the Web site to ensure that participants were aware of how the project closed and to learn about the possible actions that the council would take. This transparency further give rise to a sense of empowerment, contribution and use of the data, as the details presented in the report -both the data and its analysis -would not be possible without the effort of its own community.
Building the 2Loud? app
One of the major community decisions affecting the development of a mobile app so as to turn the smartphone into a noise meter for participatory sensing is to focus on one specific platform, i.e. the iOS mobile phone. In this particular case, it did help simplify the complexity of achieving sound meter accuracies because we have well-understood information about the hardware allowing us to know the exact characteristics of the phone's microphone. We were also fortunate that the iOS hardware could be the only platform to target due to the rather homogenous demographic within the council's suburbs. As a result, the final app implementation was able to achieve accuracies that were within ± 2 db(A) of a professional sound meter. To achieve this accuracy, the development team must address a number of requirements.
Measuring the sound in dbA rather than db SPL.
The underlying iOS services provide a few ways to access the sound registered on a device's microphone hardware. In the simplest case, the average db SPL can be easily read from two audio attributes in AVAudioPlayer: averagePower and peakPower, but these readings cannot be easily converted into the db(A) scale that acoustic engineers used for measuring environmental noise. Fortunately, the iOS operating system provides for non-filtered sound waves through its AudioUnit interface, where one could manipulate the sound waves directly and in real-time. This allows us to perform the required Fourier Transform (Lomont, 2011) and applying the discrete A-weighted filters (Miyara, 2000) on key frequencies to produce a reading that closely resembles the instantaneous db(A) measurements from a professional sound meter.
Measuring the sound level in near real-time for the processor capability available.
In addition to obtaining a db(A) measurement, the app must be capable of processing all the sound waves coming from the microphone in near real-time. To do so, we limited the kind of iOS hardware we support, and we heavily optimize the native code to work on the processors across the iOS devices' A4 and A5 processors. As a result of these instantaneous computations, each device has to be attached to a power source if measuring for more than an hour. In the studies, the night period of study was over 9 hours from 10 a.m. to 7 p.m. and so this was a very important setup that participants must complete before starting any measurement.
Computation of LAeq periods for any given specific time.
In addition to the instantaneous readings that get shown on the app, the acoustic researchers are interested in the LAeq readings. An LAeq reading is the log-average of the db(A) readings registered in the given period of time. This log-average is what acoustic engineers and road authorities use in deciding any course of actions to mitigate noise problems. For this project, the acoustic researcher was interested in varying LAeq periods and so a way to compute this is required. The solution taken was to store instantaneous readings on the phone and upload them to a centralized server in the cloud. Our acoustic researcher can then download the information and then process it in any way required, including computing different LAeq values. This also means that there is no need to go to the respective participants' homes to download the data off the smartphone, or from a professional sound-meter.
Calibrated accuracy against a reference professional sound meter.
To ensure accuracy of measurements taken from the smartphone, the initial development of the 2Loud? app's measurement algorithm was calibrated against the Bruel & Kjear 2,250 sound meter with particular focus paid to the first 1/3 octave band, as that is the frequency range that affects db(A) measurement accuracy. This calibration was done with particular focus of the LAeq readings and was tested across five physical home sites. In all the cases, we managed to achieve a correlation of above 0.95 with two exceptions where the measurements registered a correlation of 0.86 and 0.46, respectively. On investigation, the two outliers were attributed to incorrect operation of the equipment.
Isolation from environmental disturbance such as wind.
An inherent problem with noise measurement is that the accuracy can be affected by external conditions such as wind, ground movements and rainy conditions. In the case of the 2Loud? app, its measurements are equally sensitive. Unlike a sound meter where some of the external disturbances could be minimized with the windshield (Tingay, 2010) , a participant's microphone on the smartphone does not get such a protection. Fortunately, this project was about indoor night noise and hence, we were able to specify how to set up the smartphone to minimize such disturbances.
Measuring conditions, e.g. height of pitching the phone's microphone, direction in which the microphone is facing the source of sound measurement.
While we were able to control environmental disturbance by taking advantage of indoor conditions, we face issues that are unique to the indoor environment. For example, sound from appliance (especially in the low frequency range) can affect the readings, and this can be further complicated by incorrect positioning of the smartphone's microphone or placing the phone at the incorrect height. To address this in the participatory sensing setting, we drew ideas from other apps, where simple graphical screens were shown on the first time when the app was started up.
Once these key engineering issues are addressed, building the rest of the 2loud? app was mostly a software development affair. The app was built in two parts. First, all GUI elements were coded using the SenchaTouch framework (Sencha, 2013 ) so that it is portable across different mobile platforms should the app run on future devices. All underlying code for measurements are natively coded and connected with the GUI via an open-source library call JSBridge (Deutsch, 2012) . Figure 5 showcases the 2Loud? app where it can be downloaded from the AppStore by searching with the keyword "2loud". As the "face" to the community, the app has to be straightforward so that different demographics are catered to. We achieved this in two ways:
(1) by using a standard and familiar iOS design language of tabs; and (2) by having a pictorial tutorial on key features and operations of the app shown when it was launched for the first time.
Noise analytics
In addition to the 2Loud? app, the entire participatory sensing system is made up of two more components to support the project tasks as shown in Figure 6 :
(1) a set of scalable computing resources in the cloud; and (2) a set of data analysis algorithms that process and export the data into GIS and acoustic software tools.
Using these tools, we were able to analyze and visualize the results to understand the noise situation in the individual homes and identify patterns across an entire region.
To enable the noise analytics, we have to decide on the information that our app will transmit back to the servers in the cloud. We call this a noise measurement entry, and, for each of them, we have the measured sound level (in db(A)), user's ID, the geo-location, date and time. The geo-location was recorded because we wanted to make sure that a measurement was taken at the right location, i.e. within a given address and indoor. The geo-location also allows us to eliminate any measurements that may have been taken outside of the designated region, thus ensuring that the measurements obtained from the smartphone were not only accurate but also within the defined "indoor" areas. Figure 5 . Some screenshots of the 2Loud? app, where the design focused on making sure it is easy to use, e.g. a large "Start Measurements" button for easy "click" at night and a dark color theme to ensure that screen is easy on the eye at night System architecture of the entire participatory system, from mobile application frontend to the data processing backend in the Microsoft Azure cloud
We decided to use the cloud, Microsoft Azure (Microsoft Corporation, 2013) specifically, as the project was looking at up to 800 participants who would measure their surrounding indoor noise at the same time on a given night. Every second, the data streamer will send 10 noise measurement entries into the cloud. On average, each entry is about 50 bytes, so for 800 phones measuring over a period of 15 hours a day, we are looking at streaming up to 34 GB of noise measurements and, subsequently, processing terabytes of data. Using the cloud therefore makes sense, as our compute needs would spike in the night and then goes down to almost nothing during the day. Furthermore, when the time comes to analyze the data, we need the compute resources to work out the "long-term equivalent" sound levels (i.e. LAeq).
While we retain each instantaneous reading, our focus is on the LAeq reading, as government and regulatory bodies only operate on these numbers. These numbers are therefore a more important concern to our stakeholders than the instantaneous readings. Although a sharp spike of noise will have an impact on one's sleep, the legal framework in Australia focuses on the LAeq readings more than the instantaneous readings.
Participatory education
Most of the technologies to power the individual process of monitoring and understanding their environment actually exists today. What is lacking is the knowledge of combining and using these technologies in a manner that engage each individual as an active member of the society and to nurture the current culture of participation around these transformative technologies (Goldman et al., 2009) . Our take on this challenge is achieved through a number of features found in the 2Loud? app that we collectively call "participatory education". We felt that these features allow a participant to receive advice and strategies in return for their data contribution. More importantly, these advice and strategies are "actionable" in the sense that a participant can use them to mitigate their sleep problem, and thus, improve their personal well-being. Once they are "educated" on a solution, they could share this within their social network, hence, "participatory". The three features in the app to facilitate "participatory education" are described next.
Getting the big and relative picture -weekly maps
Noise is often a subjective perception and a relative concept. Hence, one of the first tasks for us was to help participants understand their noise situation. To the public, a scientific db(A) reading makes little sense. Rather, most would apply their subjective perception of noise and that perception is also often made in isolation.
For example, when we analyze the data captured against the comments recorded via our online community survey, we found that a participant whose LAeq (15 hours) reading recorded around 50 db(A) has rated his noise situation as "severe" while another participant who recorded an LAeq (15 hours) reading of above 50 db(A) rated his noise situation as "moderate".
Drawing from the discussion by Baumeister et al., 2001 , creating context helps manage the perception, particularly the negative ones, which tends to moderate in the presence of comparable information. Developing context that the public has access to thus became a feature to be developed in the app. With data captured in the cloud, the research team was able to compute different LAeq readings for each dwelling who participated in the pilot.
We plot the results on a map that can be accessed via the 'status' tab. The map, shown in Figure 7 , displays the results as "cells" which is an area composed of a certain number of homes. For the homes that have readings, an LAeq over 15 hours from 10 p.m. to 7 a.m. (overnight) is calculated and displayed. Once participants establish context of what a noise reading means and how severe it was compared to other cells, we expect to find some of the participants moderating the negativity of their noise situation.
In terms of establishing a long-term solution to the problem, the data collected would be valuable to the council. However, it was soon realized that the data could also be used immediately to provide individual advice to the participants. This led us to the next feature of our app.
Getting health and mitigation advice
Prior to downloading the app, participants must first complete an online community survey found on the project's Web site. The survey collects data about the participants' attitude to traffic noise, their expectation from participation in the project and information about their residence. The residential information collected allows the research team to construct a dwelling profile that includes details such as the type of wall system used, the age of the dwelling, the number of windows facing a freeway, the type of window glazing used, the fence type and height, etc.
When the measurements from the app indicate a high level of noise, we were able to review the dwelling profile and make suggestions on what can be done to reduce noise levels. In the current implementation, the personalized advice is communicated verbally to the residents by the research team. For example, when there are many single glazed windows facing the source of traffic noise, we suggested to residents that they put up thick curtains on freewayfacing windows, planting tall shrubs to block out the freeway or invest in double glazing their windows. We believe this personalization is important, as it delivers the relevant personal feedback that we do not see in other participatory sensing systems.
As we provided the advice to participants, we saw the potential to automatically provide personalized mitigation strategies in the future, especially for large numbers of participants. Given that we collect data electronically, analytical tools could be used to deliver a set of suggested mitigation strategies based on dwelling profile information that a participant provides. So far, most participatory sensing systems for noise mapping (Maisonneuve, Stevens, E. Niessen, and Steels, 2009; Kanjo, 2010; Rana et al., 2010) have been about providing data and, subsequently, analyzing the data collected using basic GIS and statistical tools. We believe incorporating more advanced data analytics will be the next logical step in its development, such as Kaiser and Pozdnoukhov, 2013. Besides providing personalized mitigation strategies, generic health-related advice was also delivered to participants via the 2loud? app. As shown in Figure 8 , the current version of the app shows information about health issues related to traffic noise and the generic strategies to reduce exposures to noise at night. Hence, the app was positioned not only as a participatory sensor but also the default option to learn about a specific health-related issue as a result of exposure to traffic noise. In this way, participants can learn about noise related issues from many perspectives including:
• making sense of the noise participants experienced;
• becoming aware of policies and actions that state agencies have taken in response to mitigating noise pollution in their local areas; and
• becoming aware of actions that they can personally take to realize an immediate reduction of indoor noise and thereby, improving overall public health. Background map from ArcGIS showing processed data from the system's backend as it delivers the relevant personal feedback that we do not see in other participatory sensing systems.
Sharing to engage
By taking a community-driven and bottom up approach, we need to consider the bootstrapping process, whereby participants sign on to other participants. This allows the project to start small and then eventually build up to create an informed public. Our aim, which falls on one extreme of Rosi et al.'s (2013) classification, is to exploit the physical social network of the community and, consequently, their digital social networks to create an awareness and interest that flow toward the execution of our pervasive services, i.e. the use of the 2Loud? app.
We started with traditional media including the signing up of residents who have been vocal about their freeway noise, mailers to qualifying dwellings (i.e. those near the freeway), announcing the project in local community newspapers and newsletters and through wordof-mouth (see list of media coverage on project's Web site). In addition to our 2Loud? Web site, we also developed some digital presence by publicizing the project on the council's Web site, sharing the project information with existing special interest groups' Facebook page and blogs and, lastly, having the ability to tweet from within the app.
On the social media front, participants can start an online conversation by going to the "share" tab in the app to send a tweet, or view what others are talking about. The original idea was to start a conversation about a number of things. The first and the main conversation was of course to have a Twitter user talk about his or her use of the app in the project. This means followers who live in the same council and beyond would become aware about the project. The secondary aim was to have other branches of conversations such as having peeradvice on noise mitigation strategies or sharing noise situations so as to better understand their own.
Most participatory sensing systems that we are aware of, especially those related to monitoring of the environment, (Maisonneuve et al., 2009; Kanjo, 2010) seem to operate primarily as a one-way communication channel. That is, participants provide data to an authority, and it is then up to them to act on the data. A novel aspect of this project is therefore these participatory education strategies, where communication not only happens in both directions between the authority and the sensors (leading to personalized mitigation strategies) but also laterally through social media.
Results
Of the 800 invitations sent to potential participants, a total of 68 units were downloaded from the AppStore during the seven weeks of study. The year-to-date download has since reached 233 units, and of the 68 units that were downloaded during the study period, 27 of them provided data throughout the entire study period. The rest quickly tapered off in their data contribution, or decide to operate the app only in the "lite" mode, where they are aware of their noise situation, but they do not consent to sharing the data as part of the study. These numbers represent a penetration of less than 10 per cent and a penetration of 3.4 per cent if we restrict the numbers to those who provided data throughout the entire study period. Still, the degree of penetration is a good result. With 27 sustained readings, this is significantly more than the number of measurement points that acoustic engineers could deploy. For the same amount to fund this project, the acoustic engineers can only deploy six measurement points over a 48-hour period.
Somewhat interesting in the statistics though is the year-to-date downloads. Drilling down on the origins of the downloads, there were 14 from Europe; 12 from Latin America, the USA and Canada; and 5 from the Middle East regions. Australia has 178 downloads, with the rest of Asia contributing 24 downloads. These numbers are interesting considering the app was published without promotion and was meant to be a local community project. One observation from the download statistics is that we may have allowed for too little time with the uptake as the number of downloads within Australia continue through to March 2014, six months after measurements officially ended. A longer measurement period may potentially gather more participants and therefore, a higher penetration rate.
That said, the penetration rate could be better had the project supported a broader range of devices. The decision to support only a limited set of iOS devices in favor of controlling its measurement accuracy means that a majority of the 800 invitees do not qualify for participation, as they either have an unsupported iOS device or use an alternative platform. Nevertheless, the decision was made on a number of grounds. Besides the need to be able to control accuracies for the kind of measurements undertaken, the budget and timeframe also played a part in reaching the decision.
During the seven-week measurement period, over 1,000 hours of measurements from mobile phones were collected. As these measurements do not cover every cell, we augment the measurements with indoor measurements from professional sound meters deployed at other sites. The combined data yield over 1,365 hours of noise measurements between 10 p.m. and 7 a.m., the window where most people are asleep. Figure 9 shows the number of cells that contain meaningful data for such analysis. Overall, 55 per cent of the cells with indoor measurements were in the range where sleep is conducive. About 10 per cent of the cells were bordering on less than ideal conditions and the remaining 35 per cent were exposed to unhealthy level of noise. Between the two freeways, the residents along the Eastern Freeway in the north are more exposed to unhealthy levels of noise than those residing along the Monash Freeway in the south.
For the 35 per cent who are experiencing more than 45 db(A) of long-term noise and for the 5 per cent who experience long-term noise of between 55 and 63 db(A), the state's 68 db(A) threshold is certainly unhelpful. In fact, going by this daytime noise threshold, authorities do not have to act and potentially up to 35 per cent of those residing along the freeways are subjected to health issues in the long term. This brings us back to the need for mitigating strategies that residents can undertake. Unfortunately, we were unable to measure the effectiveness of mitigation strategies, as the actions that could make a difference, e.g. changing to "double glazing windows", can only work according to the timelines of the dwelling owner's finance and time availability. Nevertheless, data from our survey respondents suggest that the mitigation strategies delivered in the app are useful to them. About 52 per cent of them have indicated that they have a better understanding of noise and their environment, while 48 per cent of the respondents felt that mitigation strategies are useful to them. However, the majority (88 per cent) also indicated, in the same survey, that they continue to expect the government to take actions to address their noise concerns. LAeq(9hrs) refer to the A-weighted average noise level in the cells from 10p.m. to 7 a.m. during the study period. The left-side of the vertical dash-line represents the ideal sleeping condition, while those cells on the right of the vertical dash-line are sleeping conditions above WHO's recommendations than ideal conditions and the remaining 35 per cent were exposed to unhealthy level of noise. Between the two freeways, the residents along the Eastern Freeway in the north are more exposed to unhealthy levels of noise than those residing along the Monash Freeway in the south.
For the 35 per cent who are experiencing more than 45 db(A) of long-term noise and for the 5 per cent who experience long-term noise of between 55 and 63 db(A), the state's 68 db(A) threshold is certainly unhelpful. In fact, going by this daytime noise threshold, authorities do not have to act and potentially up to 35 per cent of those residing along the freeways are subjected to health issues in the long term. This brings us back to the need for mitigating strategies that residents can undertake. Unfortunately, we were unable to measure the effectiveness of mitigation strategies, as the actions that could make a difference, e.g. changing to "double glazing windows", can only work according to the timelines of the dwelling owner's finance and time availability. Nevertheless, data from our survey respondents suggest that the mitigation strategies delivered in the app are useful to them. About 52 per cent of them have indicated that they have a better understanding of noise and their environment, while 48 per cent of the respondents felt that mitigation strategies are useful to them. However, the majority (88 per cent) also indicated, in the same survey, that they continue to expect the government to take actions to address their noise concerns.
6.
Lessons learned
Transforming participatory sensing from theory to implementation is an interesting and challenging affair. At least in our case, we have to achieve precision on the measurements obtained, engage the public and deliver the public relations for the council who co-funded this project.
First, we had to deal with the variety of mobile phone hardware. Where objective and accurate data are a must, attempting to deploy the project on a number of different devices quickly became infeasible given our project timeframe and resources. In the end, we picked the iOS platform and limited the devices available for taking noise measurements. Although this has allowed us to provide accurate data that the council needs for discussion with relevant authorities, the downside of this decision is that those interested to participate but who recently moved to a different platform were unable to get involved. Interestingly, those who moved platforms were the more "tech-savvy" group, while, by the time the rollout of the project took place, about half of the participants on the iOS platform were using "handme-down" devices. For this group, while night noise is a concern to them and they have a compatible device, we soon learned that many of them do not really know how to use a smartphone, i.e. they are not well-aware of using apps on their phone! Not surprisingly, many reported difficulties in participating constantly as they continuously require technical assistance. This episode highlighted three considerations that future participatory sensing projects should consider:
(1) The technology space can change and move quickly. If the reliability of a device's hardware is of concern, strategies should be put in place to mitigate those changes.
(2) For those who are familiar with technology, participatory sensing is a great approach to addressing community problems. In our end of project survey, the positive comments come mostly from those who are comfortable with technology.
(3) Owners of advanced technology may not necessary be familiar with all its features and, hence, do not make such an assumption. It is important to consider allocating resource for technical assistance to ensure a smooth roll-out of the project, especially if the participation scale is going to be large.
On the issue of project resource again, the team also did not have someone who could physically engage participants in this pilot project. The engagement with stakeholders has suggested that technology would compensate for the lack of such an individual. Our reflection however suggests, at least in our case, that technology does not necessarily provide enough to keep participants engaged. The pilot ran for over seven weeks, and while initial participation levels were high, the participants taking measurements and engaging with the app quickly tapered off. We concluded that if there could be an individual to constantly engage residents on the ground, the level of participations should grow, or at least be maintained.
This brings us to the discussion of having a social media presence in the app. Given the participant's interest to use their phones for noise measurements, we were expecting that they would equally engage in the digital sphere. Instead, the online engagement did not materialize, and the online viral spread of participating in the project did not happen. Offline though, word-of-mouth saw better outcomes in recruiting new participants, but the numbers were not significant. On the other publicity approaches, the results were also lukewarm.
Reflecting the recruitment strategies used, we conclude that any participatory sensing project must include someone who could concentrate on handling "community engagement". This is one aspect of the project that must not be compromised in participatory sensing, at least for projects of this nature.
In concluding on these lessons learned, the ideology of participatory sensing systems is great, but the execution is as important if not more crucial than the technical design of the entire system. As in our case, the demographics of participants involved mean some of them were highly comfortable with using technology while others were not. For those who are not familiar with their devices, the process can be a distraction from achieving mitigation and the measurements collected have to be discarded, as they were not collected correctly. The consequence for this group, who are also stakeholders, can have a dent on achieving the public relations that the council sought. Again this brought us back to the point of having someone dedicated to "community engagement" to provide the human interaction that this group will most likely need.
Conclusions
We presented an overview of our participatory sensing system for night-time indoor noise monitoring. On the frontend, the 2Loud? app not only collects data in the participatory process but it also delivers health and well-being information via its backend so that participants can see some immediate benefits of their effort.
Participatory sensing, where dispersed individuals could become connected through their devices, is increasingly seen as a novel paradigm of solving problems. In our case, it got people connected through a common cause, which is noise affecting their well-being. Not only did the system deliver large volume of precise data that the council needs to negotiate actions with road authorities but it also provided personalized noise mitigation strategies to improve their health and, overall, the public's well-being.
As technology progresses and the public become increasingly proficient with their technology, we think participatory sensing will underpin many new systems to come. Primarily, these new systems will have large volume of data streams that feed into reasoning systems such as those suggested by Della Valle et al., 2009, or into analytical services such as Amazon Kinesis for creating near real-time dashboards, alerts and reports. But before these visions can be achieve, the various points raised in our reflection of what we learned from undertaking this project should be addressed. We think this would be a matter of time the various technology becomes ubiquitous and the public increasingly warm to participatory sensing as a solution to solving community problems.
